INTRODUCTION
The cilium is a microtubule-based, membrane-bound organelle that protrudes from most post-mitotic eukaryotic cells. In the past decade, accumulating evidence supports the crucial role of this miniature organelle as a signaling antenna for the vertebrate cell, and ciliary defects have been linked to an increasing list of human diseases collectively referred to as ciliopathies (1, 2) .
Bardet -Biedl syndrome (BBS) is one of the better-studied ciliopathies (3, 4) . It is a rare autosomal recessive disorder characterized by multisystem involvement, including the eye (a specific pattern of retinal degeneration known as retinitis 
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further performed whole-exome sequencing (WES) coupled with functional validation in zebrafish to search for the novel BBS gene in this family. Unexpectedly, we identified an intraflagellar transport (IFT) gene, IFT27, as a novel BBS gene (BBS19).
IFT gene encodes components of IFT particles that are essential for cilia biogenesis and maintenance (27 -29) . Although IFT genes are intimately associated with ciliary functions, our work is the first to link an IFT gene to BBS.
RESULTS

Autozygome-guided mutation analysis defines causal BBS mutations
Nine previously undescribed multiplex families met the clinical definition of BBS and were enrolled in this study. The consanguineous nature of all nine families made it possible to use autozygosity as a signpost of the likely disease gene because it is highly likely that the causal mutation will reside in an ancestral allele that has been rendered autozygous along with its surrounding ancestral haplotype (30) . Therefore, we used the shared autozygome for each family to guide the mutation analysis of the BBS genes as described earlier (25, 26) . This approach allowed us to identify the causal mutation in eight of the nine families and, consistent with our previous work, genetic heterogeneity was evident. Table 1 summarizes the clinical and molecular findings in these cases.
Identification of a BBS family with a novel BBS gene
Family BBS DG_7 is a consanguineous Saudi family that consists of healthy first cousin parents and two children with BBS as well as three healthy children (Fig. 1) . The older of the two affected siblings is a 15-year-old boy with morbid obesity, mild intellectual disability, polydactyly of all extremities, borderline renal failure and retinitis pigmentosa. In addition, he has typical facies, fatty liver, hyposmia, atopy and hypogenitalism. His 14-year-old sister is very similar in that she has morbid obesity (s/p sleeve gastrectomy), polydactyly of three limbs, end-stage renal failure requiring dialysis and retinitis pigmentosa ( Fig. 1) . She also has typical facies, fatty liver, hyposmia and severe atopy. Thus, the diagnosis of classical BBS is confirmed on clinical grounds. The shared autozygome of the two siblings overlapped with two known BBS loci: BBS7 and BBS12. However, sequencing at the genomic and RNA level revealed no variants, suggesting that a novel BBS gene may be involved in the pathogenesis of their disease. Supplementary Material, Table S1 lists the cDNA primers used to exclude splicing mutations in BBS7 and BBS12 that may have been missed at the genomic level.
Whole-exome sequencing identifies a novel mutation in IFT27
In order to identify the causal mutation in Family BBS DG_7, WES was pursued in the index. Close examination of all known BBS genes identified no pathogenic changes. We then filtered the total 71 670 variants to identify homozygous coding/ splicing variants (excluding synonymous changes) that are present within the shared autozygome of the two siblings, but absent in the Exome Variant Server and in 357 Saudi in-house exomes as described earlier (31, 32) . This approach eliminated all but one variant in IFT27 [NM_006860.4; c.296G. A:p.(Cys99Tyr)] (Fig. 2) . The affected residue is highly conserved, and the variant is predicted to be pathogenic by in silico analysis (PolyPhen 1.0, SIFT 0.0) (Fig. 2 ). In addition, we carried out homology modeling of the human IFT27 structure using the crystal structure of the homologous Chlamydomonas reinhardtii IFT27 as a template (33) . The result showed that amino acid C99 of human IFT27 appears to be located in the core of the molecule and can potentially engage in stabilizing interactions to highly conserved Leu residues nearby (Fig. 3A) . The C99Y mutation would result in a much larger side chain (Cys to Tyr) that may cause steric clashes with the conserved leucine side chains (Fig. 3B) , potentially causing destabilization of the protein structure.
IFT27 C99Y is a loss-of-function allele
To provide conclusive evidence that C99Y is a pathogenic allele, we exploited a zebrafish model that we have previously published (34) . The zebrafish Ift27 protein is highly conserved with its human counterpart with 54% identical residues. Importantly, the C99 residue in human (C100 in zebrafish) is also conserved (Fig. 2) . We therefore constructed an expression vector of the zebrafish ift27 C100Y. Zebrafish embryos co-injected with the established morpholino oligo against ift27 and control eGFP mRNA display typical ciliopathy phenotypes. Specifically, 58.3% morphants (knockdown animal generated by morpholino injection) showed laterality defects, 52.3% with ventral body curvature and 36.1% with cystic kidneys (Fig. 4) . Consistent with the previous study, co-injection of ift27-eGFP mRNA rescued the morphants significantly, with 18.9% of the injected embryos showing laterality defects, 15.5% with curvature and 13.3% with cystic kidney (Fig. 5) . In contrast, co-injection of ift27C100Y-eGFP mRNA failed to rescue any of the phenotypes.
Combined, these results demonstrate that this is an allele with severely reduced activity, if not a complete loss-of-function allele.
We monitored the expression of the wild-type and C100Y Ift27 by inspecting eGFP signals in injected embryos and noticed that embryos injected with ift27C100Y-eGFP mRNA show reduced GFP signal (Fig. 6A) . To validate this result, we injected two independent batches of mRNA encoding the wild-type and the mutant Ift27 into wild-type embryos, extracted protein and performed western analysis. Results show that the level of the mutant protein is significantly reduced compared with the wildtype (Fig. 6B) , suggesting that the C100Y substitution reduces the stability of Ift27, consistent with prediction from 3D modeling.
It was shown previously that in multiple zebrafish BBS models, the morphogenesis of the Kupffer's vesicle (KV), a ciliated organ essential for the establishment of left -right asymmetry, and the retrograde transport of melanosomes are defective (35, 36) . To investigate whether ift27 is involved in these processes, we first inspected KV morphology in ift27 morphants and found no significant difference ( Fig. 7A and B) . We further examined the retrograde transport of melanosomes by subjecting morphants to epinephrine treatment. Interestingly, the melanosome aggregation response is significantly delayed in ift27 morphants (Fig. 7C and D) , suggesting that Ift27 may play a role in vesicle transport outside of cilia.
DISCUSSION
Seminal biochemical characterization of proteins encoded by BBS genes revealed that seven BBS proteins (encoded by BBS1, 2, 4, 5, 7, 8 and 9) form the core of a protein complex, named as BBSome, essential for trafficking membrane proteins, such as the G-protein-coupled receptor Somastatin receptor 3, into and from cilia (4, (37) (38) (39) . In addition, Arl6, encoded by BBS3, is required for targeting BBSomes to the cilium (37), and BBIP1, encoded by BBS18, is a component of BBSome and is required for BBSome assembly (20, 40) . Combined, these results suggest that defective BBSome could be the underlying and unifying mechanism for BBS. Unexpectedly, in this study, we identified IFT27 as a novel BBS gene. IFT27 encodes a component of the IFT-B complex required for anterograde transport of ciliary proteins. Although IFT proteins are among the first and best studied groups of proteins involved in ciliary functions, so far human mutations in IFT genes have been limited in their phenotypic consequences to skeletal ciliopathies (41) (42) (43) (44) (45) (46) (47) (48) . There are documented interactions between IFT complexes and BBSomes. In Caenorhabditis elegans, BBS proteins bridges IFT-A and B complexes (49, 50) . Perhaps most relevant, in Chlamydomonas, the BBSome is a cargo of IFT (39) . Interestingly, IFT27 protein shows several unique features as compared with other IFT proteins. It is a small GTPase that bears strong resemblance to Rab8 and Rab11 (33) and forms a subcomplex with IFT25 (51). Unlike most IFT proteins, both IFT25 and IFT27 are not conserved in C. elegans and Drosophila Melanogaster (52,53), suggesting a more specialized role in IFT. Moreover, IFT25, the binding partner of IFT27, while dispensable for ciliogenesis, is required for proper Hedgehog signaling (52), resembling multiple BBS proteins (54) . Combined with these results, our finding that IFT27 is involved in BBS raises the interesting possibility that this small GTPase may link the BBSome cargo to the IFT machinery.
Although the genetic heterogeneity of BBS has not been fully appreciated, previous work suggests that any novel BBS gene will likely explain only a small percentage of patients (25) . This is supported by the last few described BBS genes (BBS15, 17 and 18) that were all based on single families or sometimes single patients (10, 14, 20) . Similarly, we show that only one of nine families in this study can be explained by mutations in IFT27. If we combine this cohort with our previously cohort of 29 families (25) , the contribution of IFT27 is ,3% in Saudi BBS families. Although the contribution of IFT27 mutations to the BBS mutation pool in outbred populations is unknown, we suspect it will be similarly small and in line with some of the recently described BBS genes that to date have not been identified beyond the original families/cases in which they were identified. Nonetheless, the identification of rare novel BBS genes is significant as it provides useful insights into cilia biology and ciliopathies in general, and the molecular pathogenesis of BBS in particular. In summary, we identify IFT27 as a novel BBS disease gene using positional mapping, WES and functional confirmation in the zebrafish model. This is the first time an IFT protein is implicated in the pathogenesis of BBS.
MATERIALS AND METHODS
Human subjects
Patients were diagnosed with BBS accordingly to established criteria that take into account the number of major and minor clinical manifestations (5) . All patients and relevant family members were recruited using an IRB-approved protocol with informed consent. Venous blood was collected in EDTA tubes and, when required, in PAXGene for DNA and RNA extraction, respectively.
Autozygome determination and candidate gene analysis
Determination of the entire set of autozygous intervals per individual (autozygome) was essentially as described earlier (30) . Briefly, genome-wide genotyping on the Axiom platform was performed following the manufacturer's instructions. This was followed by determination of runs of homozygosity as surrogates of autozygosity using the software autoSNPa (55) . The list of 18 known BBS disease genes was examined across the coordinates of the shared autozygome of affected individuals to determine which gene to amplify and sequence (56) . PCR primers and conditions are available upon request.
Whole-exome sequencing
Standard whole-exome sequencing was performed using TruSeq Exome Enrichment kit (Illumina) followed by preparation of an Illumina sequencing library, with enrichment for the desired target using the Illumina Exome Enrichment protocol. The captured libraries were sequenced using IlluminaHiSeq 2000 Sequencer. The reads were mapped against UCSC hg19 by BWA. The SNPs and Indels were detected by SAMTOOLS.
In silico modeling
Homology modeling of human IFT27 was carried out using both the program Modeller and the automated modeling server I-TASSER, which has been ranked as the best server in the recent Critical Assessment of Techniques for Protein Structure Figure 5 . C100Y is a loss-of-function allele. (A-C) Group pictures of 4 dpf embryos co-injected with ift27 MO and GFP mRNA (A, GFP), ift27 MO and ift27 GFP mRNA (B, ift27 GFP) and ift27 MO and ift27 C100Y GFP mRNA (C, C100Y GFP); (D -F) Graphs showing the efficacy of ift27 GFP or ift27 C100Y GFP in rescuing laterality defects (D, combined percentage of middle and right-sided heart), body curvature (E) and kidney cysts (F) observed in ift27 morphants from three independent experiments. Error bars show standard deviation.
* P , 0.05; * * P , 0.01. Prediction modeling contests (57) (58) (59) . Modeling by Modeller is carried out in the following steps. Prior to the modeling, the sequence of human IFT27 was aligned with that of Chlamydomonas reinhardtii IFT27, whose crystal structure has been determined (PDBID: 2YC2) (33) . Subsequently, the aligned sequences were input into Modeller for homology modeling using the Chlamydomonas IFT27 crystal structure as the template using the built-in functionality of Modeller. Confidence in the homology modeling is imparted by (i) the high degree of sequence homology between human and Chlamydomonas IFT27 molecules ( 37% identity and 54% similarity), and (ii) the similarity of the resulting models produced by Modeller and I-TASSER. The resulting model is reliable especially for regions around residue C99, which is surrounded by highly conserved Leu residues in IFT27 proteins.
Zebrafish husbandry
Zebrafish was maintained according to standard protocols (60) . Eggs were obtained through natural spawning.
Knockdown, phenotype analysis and rescue experiments in zebrafish
A previously published morpholino oligo (5 ′ GGAGGTAA TAGTGTGTGTCTACGTG 3 ′ ) against the translational initiation site of ift27 (34) was used to knockdown the expression of ift27. A morpholino with five mispaired bases (5 ′ GGAcGT AATAcTGTcTGTgTACcTG 3 ′ , lower cases and underlined) was used as a control morpholino. The ift27 C100Y GFP construct was obtained by site-directed mutagenesis based on the ift27 GFP plasmid (34) . ift27 GFP or ift27 C100Y GFP mRNA was synthesized in vitro using the mMESSAGE mMA-CHINE kit (Ambion, AM1340).
For the rescue assay, 150 pg of ift27 GFP mRNA or ift27 C100Y GFP mRNA was co-injected with 2 ng of ift27 morpholino into one-cell-stage embryos. Embryos were observed for laterality defects based on heart position on 1 dpf (day postfertilization), for body curvature on 2 dpf, and for pronephric cysts on 3 -4 dpf.
To inspect the morphology of the KV, live embryos at around the 14-somite stage were mounted in 3% methylcellulose, imaged using differential interference contrast microscopy, and the diameter was measured in Photoshop. The efficacy of morpholino was confirmed by inspecting the same batch of injected embryos for the body curvature phenotype at 1 dpf.
The melanosome transport assay was performed using a previously published protocol (35) with minor modifications. Specifically, 2 dpf embryos were subjected to 3.75 mM epinephrine in embryo medium and inspected under a dissecting scope. The responding time of each embryo was recorded. 
Protein extraction and western blotting
Embryos were deyolked in PBS containing a protease inhibitor cocktail (Roche, REF11836170001) and homogenized in Tris lysis buffer (50 mM Tris-HCl pH 8.0, 150 mM NaCl, 0.5% NP40, 0.1 mM DTT) containing the protease inhibitor cocktail. Proteins were denatured in SDS sample buffer at 1008C for 7 min and cleared by centrifugation at 12 000 g for 3 min. For western blotting, mouse anti-GFP IgG (Roche) and mouse antitubulin (Molecular Probes, A11126) were used at 1:1000 as primary antibodies. Horseradish peroxidase-conjugated secondary antibodies (Jackson Immuno-Research) were used at 1:2000. Membranes were subjected to enhanced chemiluminescence detection using the Western Lighting plus ECL kit (Perkin-Elmer Life Sciences).
Statistical analysis
P-values were obtained through Student's t-test using Microsoft Excel.
